Mitochondrial division is a complex process requiring the synergistic actions of multiple factors, including mechanical enzymes and accessory proteins. Recent studies have identified a number of these factors and started to elucidate how they act together to bring about mitochondial fission.
It was thus particularly interesting when Dnm1p and Mgm1p, two dynamin-related proteins identified in yeast [6, 7] , were shown to control the normal morphology of mitochondria. In addition to these two dynamin-related GTPases, another non-dynamin GTPase called Fzo1p has been found to function in mitochondrial morphogenesis [8] . Homologs of these three GTPases have also been identified in higher eukaryotes, including flies [9] , worms [10] and mammalian cells [11] [12] [13] , suggesting that the process of mitochondrial morphology maintenance is evolutionarily conserved. We shall discuss some important new observations on the mitochondrial fission process mediated by dynamin-related large GTPases and their newly identified accessory proteins in yeast (Table 1) . These findings have provided new insights into how these proteins are distributed within mitochondrial membranes and work together in the fission process.
Large GTPases in mitochondrial morphology maintenance
As mentioned above, the yeast dynamin-related GTPase Dnm1p has been implicated in mitochondrial fission. Immunofluorescence and immunoelectron microscopy showed that the protein is present in punctate structures at the tips and constriction sites on mitochondrial tubules [6, 14, 15] . Yeast dnm1 mutants were found to have a single, interconnected, net-like mitochondrion, indicative of a defect in mitochondrial fission (Figure 1 ). Functional homologs of Dnm1p have been identified in mammals and in the nematode Caenorhabditis elegans [10, 12, 13] . Like the other dynamin-related protein described below, these proteins are most similar to dynamins in their GTPase domain, while the carboxy-terminal domain is largely divergent.
The mammalian dynamin-like protein, DLP1, has been shown to play a role in maintaining normal mitochondrial morphology. When the normal function of DLP1 was inhibited in cultured mammalian cells, mitochondrial tubules became elongated and entangled, collapsing around the nucleus [12, 13] . Further insights have come from work on the C. elegans homolog DRP1. Elegant Table 1 Proteins mentioned in the text that have been implicated in the maintenance of mitochondrial morphology. differential labeling of the mitochondrial outer membrane and matrix showed that DRP1 functions in fission of the mitochondrial outer membrane, while fission of the inner membrane persisted in the absence of functional DRP1 [10] .
Protein
Yeast Mgm1p is another large GTPase distantly related to dynamin. The precise localization of Mgm1p in yeast mitochondria is currently controversial, as the protein has been reported to be associated with either the cytoplasmic face of the outer membrane [7] or with the side of the inner membrane that faces the intermembrane space [16] . Furthermore, the fission yeast Mgm1p homologue was found to associate with the matrix side of the inner membrane [17] . But despite these different observations, the mgm1 mutant phenotype is clearly consistent with the involvement of this protein in mitochondrial morphogenesis: the mutant cells were found to have fragmented and aggregated mitochondria, resulting in the DNA loss and a respiration defect similar to that of the fzo1 mutant described below [7, 16] .
One would expect that the coordinated fission of both inner and outer membranes would be essential for maintaining the structural integrity of mitochondria. A role for Mgm1p in the fission, or remodeling, of the inner membrane was proposed on the basis of its apparent localization on the inner membrane [16] , together with the fact that it is a dynamin-related GTPase. Loss of MGM1 function may, therefore, induce uncoordinated Dnm1p-mediated mitochondrial fragmentation that causes structural defects in mitochondrial membranes and subsequent loss of mitochondrial DNA and respiratory function. A human homologue of Mgm1p has recently been reported: this protein was seen to be localized in mitochondria of cultured cells, and mutation of the protein is associated with the human hereditary disease, optic neuropathy [18, 19] .
A third GTPase, unrelated to dynamin, was identified initially in the fruitfly Drosophila and found to be involved in mitochondrial fusion [9] . During fruitfly spermatogenesis, multiple mitochondria fuse to form two giant mitochondria at the base of a growing axoneme in sperm flagella. Flies mutant for the fuzzy onions (fzo) gene have a spermatogenesis defect, because their mitochondria fail to fuse and remain fragmented. The fzo gene encodes a predicted transmembrane GTPase unrelated to dynamin [9] . The yeast homologue of the Fzo protein, Fzo1p, has also been shown to function in mitochondrial fusion [8] : mitochondrial fusion is blocked in fzo1 mutant yeast cells, whereas the mitochondrial fission machinery is unaffected and generates the fragmented mitochondria [8, 14, 15] (Figure 1) .
A secondary phenotype of the fzo1 mutant is loss of mitochondrial DNA, which makes the mutant cells unable to grow in a respiration-requiring, nonfermentable carbon source such as glycerol [8] . Interestingly, dnm1∆ fzo1∆ double mutant cells have a near normal mitochondrial morphology and can grow on glycerol [14, 15] , suggesting that maintenance of mitochondrial shape by a balance between fission and fusion is necessary for the normal respiratory function of mitochondria in yeast. Dnm1p and Fzo1p are thus thought to be enzymes that promote mitochondrial fission and fusion, respectively, and that act antagonistically to maintain the correct morphology of mitochondria [15] (Figure 1 ).
Other components of the fission machinery
While it is apparent that Dnm1p, Mgm1p and Fzo1p play important roles in maintaining mitochondrial morphology, it is likely that these enzymes interact with other proteins to perform their functions. Three independent groups [20] [21] [22] glycerol-growth defect of the yeast fzo1 or mgm1 mutant, selecting for spontaneous mutations that restored growth on glycerol-containing media. Such restoration of growth was assumed to indicate that the second-site mutation blocked fission, thus bypassing the fusion defect just as the dnm1 mutation bypasses the fzo1 mutation.
Two novel genes were identified from these screens, one named MDV1, FIS2 or GAG3 by different groups, and the other MDV2 or FIS1 [20] [21] [22] . For the convenience, we shall refer to these genes simply as MDV1 and FIS1. Mutations in MDV1 or FIS1 cause a mitochondrial phenotype -the formation of fused mitochondrial nets -similar to that of dnm1 mutants, suggesting that their protein products also function in mitochondrial fission [20] [21] [22] . Supporting the results of these screens, the MDV1 gene product was earlier identified as a protein that interacts with Dnm1p in a genome-wide yeast twohybrid screen [23] ; in this context, the protein was named Net2p [24] .
Mdv1p is a novel 80 kDa protein with an amino-terminal sequence predicted to form a coiled coil, and six or seven WD-40 repeats near the carboxyl terminus [21, 22, 24] . Both of these motifs are predicted to mediate protein-protein interactions. Mdv1p is a cytosolic protein that is peripherally associated with the mitochondrial outer membrane [21, 22, 24] . Fis1p, in contrast, is a 17 kDa protein with a membrane-spanning sequence near its carboxyl terminus [20] . Fis1p is anchored in the outer mitochondrial membrane with its amino-terminus exposed to the cytoplasm and a short carboxy-terminal tail protruding into the mitochondrial intermembrane space [20] .
Several important pieces of information have been obtained by localization studies of the three mitochondrial fission proteins, Dnm1p, Mdv1p and Fis1p, and these allow us to speculate on how these proteins may function in the fission process. As mentioned above, Dnm1p has been shown to localize to punctate structures on mitochondrial tubules [6, 14, 15] . Mdv1p colocalizes with the Dnm1p puncta, indicating they are part of the same structures, within which the two proteins presumably interact directly [21] . Participation of Mdv1p in the Dnm1p-containing structure is thought to be a late event preceding fission, as Dnm1p-containing structures that lack functional Mdv1p cannot mediate mitochondrial fission [21] .
Fis1p has been found to distribute uniformly along the mitochondrial surface [20] . It appears to facilitate efficient association of Mdv1p with Dnm1p by initially targeting Mdv1p to the mitochondrial surface. This initial targeting can, however, be bypassed by direct interaction between Dnm1p and Mdv1p in the Dnm1p-containing structures. Fis1p is also likely to participate in a later stage to mediate proper assembly and distribution of Dnm1p/Mdv1p-containing structures on the mitochondrial membrane [20, 21] . Fis1p may interact directly but transiently with Mdv1p in the Dnm1p-containing structures, and subsequently activate the fission reaction mediated by the mechanical activity of Dnm1p [20, 21] . The emerging picture of mitochondrial division based on these new observations is illustrated in Figure 2 .
Concluding remarks
The discovery of dynamin-related proteins involved in mitochondrial division has shed new light on mitochondrial morphogenesis. It is very likely that additional proteins will be found to be involved in this complex process. The finding that related GTPases are involved in the maintenance of mitochondrial morphology in yeast and mammalian cells indicates that the mechanism is evolutionarily conserved [9, 12, 13, 18, 19] . In mammalian cells, it is still possible that the dynamin-like protein found to function in mitochondrial fission may have roles in other cellular processes, as do the conventional dynamins [5] . For example, most DLP1/DRP1 in cultured mammalian cells is found to occur at cytoplasmic sites other than mitochondria [11, 12] , and evidence that the protein acts in other cellular processes has been reported [12, 25] .
Fusion and fission of a membrane both require the breakage and remixing of the lipid bilayer. It is interesting to speculate that the GTPases and accessory proteins described here may mediate the energy-dependent process that brings two membranes in close enough proximity to allow lipid bilayer breakage and mixing, and subsequent fission or fusion. Certainly, mitochondrial division is a complex process, occurring in multiple steps mediated by multiple proteins. Given that mitochondria are double-membraned organelles, their division is likely to be more complex than that of coated-vesicle formation mediated by conventional dynamin [26] . It is likely that dynamin-related GTPases, conventional cytoskeletal motor proteins, lipid-modifying enzymes and the local lipid composition in the mitochondrial membrane act synergistically to mediate both the initial constriction and the final scission of the mitochondrial membrane.
